Magnetorheological (MR) fluids, suspension of magnetic pure carbonyl iron (CI) in non magnetic carrier, were prepared with and without magnetic CI nanoparticle additive in this study. Initially, the magnetic CI nanoparticle additive was synthesized in a rather simple process of decomposition of penta carbonyl iron (Fe(CO) 5 ) using oleyl amine and kerosene. Magnetic property and morphology of the synthesized magnetic CI nanoparticles were confirmed via vibration sample magnetometer (VSM) and transmission electron microscopy (TEM), respectively. MR fluids, prepared as a mixture of pure CI and CI nanoparticle additive of different weight ratio in carrier fluid, was investigated under different external magnetic field strengths via a rotational rheometer. Sedimentation of the MR fluid was characterized by an optical analyzer, Turbiscan. Their flow behaviors at a steady shear mode were examined with and without magnetic CI nanoparticle additive under magnetic field strength. The MR fluids with magnetic CI nanoparticles added demonstrated slightly higher yield behaviors, suggesting that pure CI and CI nanoparticle additive were being oriented in the magnetic field direction under an applied magnetic field and with much strengthened structure.
I. INTRODUCTION

S
INCE ITS FIRST report [1] , MR fluids have been regarded as one of the smart materials because of controllable rheological properties by tuning external magnetic field strength [2] - [4] . MR fluid is a suspension of magnetically susceptible particle dispersed in a carrier fluid such as mineral oil and silicone oil [1] , [6] - [8] . In the absence of an external magnetic field strength, the magnetizable particles are randomly distributed and MR fluids behave similarly to Newtonian fluid [5] . However, under an external magnetic field, the particles interact through induced dipole-dipole interactions, MR fluids solidify into a solid-like paste immediately in the presence of a magnetic field (as particles form chain structures aligning along the direction of the magnetic field due to the magnetic-polarization interaction), and then re-liquify in the absence of the magnetic field. These whole processes are similar to that of electrorheological fluids under an applied electric field [9] - [11] . These changes are significantly fast within the order of millisecond and nearly reversible, which leads to various applications, ranging from active controllable dampers, torque transducers, to robotic and vibration control system [12] , [13] . Chain structure in the MR fluid under a magnetic field depends on volume fraction of the solid particles; dilute suspensions form weakly-interacting single particle chains, while when more concentrated, the particle chains crosslink laterally into a dense network. The latter structure is responsible for the unique rheological properties of MR fluid. Furthermore, the Bingham plastic model is commonly used for describing the behavior of MR fluids under shear flow [5] . Particles for MR fluids should be magnetized under an external magnetic field, indicating that ferromagnetic materials can be used as a disperse phase of MR fluid [14] . However, it is well known that the soft magnetic materials, which are easy to magnetize and demagnetize, are superior to hard magnetic materials due to the ability to control the rheological properties of MR fluids by tuning the external field [6] , [15] , [16] . Carbonyl iron (CI) is widely used as magnetizable particles for the MR fluids due to its high magnetic permeability, soft magnetic characteristics and common availability. However, its high density induces serious sedimentation drawback and abrasion within the equipment for its application. Most of CI based MR fluids have an issue with sedimentation of suspended particles due to density mismatch to the MR fluids for industrial applications. To overcome these problems, many researchers studied various methods. Representatively, the coating magnetic particles with polymer not only decreases the density of magnetic particles but also well matches with lubricant medium oil [17] . Moreover, the abrasion for surface of the CI particles could be reduced during the reversing forming clusters of magnetic particles. In addition to improve sedimentation problem of MR fluids, addition of nanoparticles in MR fluids is examined. These magnetic particles could fill void volumes of CI based MR fluids [18] . In this study, magnetic CI nanoparticle additive was synthesized and then added into the MR fluids to improve sedimentation stability. To prepare magnetic additive, we have decomposed penta carbonyl iron following a rather simple process. Magnetic properties of the CI nanoparticles were measured by the vibrating sample magnetometer (VSM) at room temperature. We observed improved sedimentation stability by adding magnetic CI nanoparticles to the MR fluid in different ratio. Rheological characteristics of the MR fluids under applied magnetic field strengths were examined via a rotational rheometer with parallel-plate measuring cell, in which the flow behavior and yield property were measured through a steady-state experiment. 
II. EXPERIMENT
A. Materials and Preparation of CI/Nano-Sized Particles Additive Based MR Fluids
As for the magnetic particle for the MR suspension, we employed carbonyl iron (CI, standard CM grade, BASF, Germany) of average particle size and density, 7 m and 7.86 g/cm , respectively. The pure CI particles were dispersed in a lubricant oil (YUBASE3, SK energy, Korea) to make an MR fluid. The magnetic CI nanoparticles were added into CI/YUBASE3 suspension in different ratio.
B. Synthesis of Magnetic CI Nanoparticles
In order to get magnetic CI nanoparticle additive, we synthesized in a rather simple process [16] . Decomposition of penta carbonyl iron was shown in Fig. 1 . Synthesized metal cluster was used for magnetic nano-sized particle additives. First, oleylamine (Tokyo Chemical, Japan) and kerosine (Yakuri Pure Chemical, Japan) were mixed in a 3-neck flask and heated about 150 C, and then penta carbonyl (Aldrich, USA) was added into flask under severe stirring. After 3 hr, the mixture was cooled to room temperature. The magnetic particle was then precipitated by adding ethanol into flask. The supernatant was removed by centrifugation. For dispersion stability, the mixture was redispersed in hexane with oleyl amine. After being redispersed in hexane, the mixture was dried by vacuum oven [19] .
C. Characterization
Physical morphology of the magnetic particle was confirmed via TEM image. Magnetic properties of the magnetic CI nanoparticles were measured by the VSM at room temperature. By using a gas pycnometer, density of the magnetic CI nanoparticles was obtained. MR characteristics were measured using a rotational rheometer (MCR 300, Physica, Stuttgart, Germany) with the magneto-rheological equipment (MRD 180, Physica, Stuttgart, Germany) which generates a homogeneous magnetic field. A parallel-plate measuring system with a diameter of 20 mm at a gap of 1 mm was used. It was made of non-magnetic metal to prevent the occurrence of radial magnetic force components on shaft of the measuring system. Note that the parallel-plate geometry has the advantage of easier operation and cleaning procedures when compared to a concentric cylindrical geometry. The magnetic field direction was set to be perpendicular to the flow direction, and the temperature was set as 25 C throughout the measurement. Dispersion stability of the CI nanoparticle added MR fluids was confirmed via Turbiscan (MA200, Turbiscan Lab, France) at 25 C for 1 h. 
III. RESULTS AND DISCUSSION
Morphology of the magnetic CI nanoparticles which was characterized via a TEM is shown in Fig. 2 . The particle size is about 4 nm and particle shape is spherical. The apparent density measured via a pycnometer was 1.98 g/cm which is much smaller than that of pure CI particle, possibly due to voids existed in its floc during the measurement as can be seen in Fig. 2 . Fig. 3 represents a magnetization curve measured in a powder state of nano-sized magnetic CI particles by a VSM. The saturation magnetization was examined to be 4.58 emu/g which is quite lower than the pure CI, possibly due to its oxidation. The decrease in the magnetization is reported to occur when the particle size of magnetic CI nanoparticles becomes below 20-30 nm due to its superparamagnetism [20] .
We have compared the MR characteristics of three suspensions in different ratio of magnetic particle to examine the effect of magnetic CI nanoparticles additive. Fig. 4 demonstrates a schematic cartoon of the movement of CI and magnetic CI nanoparticles additives in a lubricant oil. Both magnetic pure CI and magnetic CI nanoparticles are oriented in the magnetic field direction under an applied magnetic field [21] - [23] . The degree of change in the MR fluid depends on the magnitude of the applied field. The fluid structure further depends on the volume fraction such that dilute suspensions form weakly interacting single particle chain, while more concentrated system forms particle chains cross-linked laterally into a dense network. Fig. 5 shows shear stresses as a function of shear rate for the pure CI based MR fluids under four different external magnetic field strengths ranging from 0 to 342 kA/m, with and without magnetic CI nanoparticles. The particle concentration of pure CI was 75 wt% in both systems, and that of magnetic CI nanoparticles additive was adjusted to 0.1 wt% and 1 wt% with respect to the suspending medium. All of the pure CI based MR fluids and MR fluids with 0.1 and 1 wt% additives exhibited Bingham plastic behavior under a magnetic field, implying formation of the stable chain structure of magnetized particles [24] . With the increase in magnetic field strength, the shear stresses increased for the entire shear rate region. Furthermore, MR fluids exhibit non-Newtonian behavior in the absence of the magnetic field, probably due to the remnant magnetization of the magnetic particles. The yield stresses were estimated by extrapolating the shear stress curve at a zero shear rate at 343 kA/m to be 6.8 kPa for the pure CI MR fluid, 7.2 kPa for 0.1 wt% magnetic additive system and 9.7 kPa for 1 wt% magnetic additive system [20] . This increase in the yield stress comes from more strengthened interaction between pure CI particles with magnetic CI nanoparticles.
The above-mentioned rotational test (flow curves of shear stress vs. shear rate) gives important information on the dynamic yield stress, while an oscillatory test (frequency sweep) was also performed to investigate the viscoelastic behavior as well as the process of chain formation for MR fluids precisely. Fig. 6 shows storage modulus as a function of angular frequency for both pure CI and CI with 0.1 wt% magnetic CI nanoparticles additive under applied magnetic field strength, in which the storage modulus is the measurement of the elasticity. The storage modulus (G') of all suspensions showed slight enhancement with increasing the applied magnetic field. It is apparent that at a fixed magnetic strength, the storage modulus (G') demonstrates constant value over a long frequency range, suggesting that the sample possesses a very strong solid-like structure rather than a liquid-like structure [25] - [27] .
Turbiscan was used as a novel analyzer to confirm dispersion stability of the MR fluids. The aggregation and sedimentation behavior was monitored every 1 min plotted as transmission intensity versus time as shown in Fig. 7 . The transmission profiles can confirm the change of light transmission caused by sedimentation of the MR fluids [28] . The fact that the transmission profiles change with the height of the sample with time means that sedimentation happens in the MR fluids. Fig. 7 shows the average transmission profile of the MR fluid measured every minute, and we found that the MR fluids with the magnetic CI nanoparticles additive was very low and remained almost constant thereafter. On the other hand, the MR fluids without magnetic additive increased dramatically during the same time. This result confirmed that the MR fluids with magnetic CI nanoparticles additive were more stable than MR fluids without an additive.
IV. CONCLUSION Magnetic CI nanoparticles were synthesized via decomposition of penta carbonyl iron in a rather simple process, and then added into the pure CI based MR fluids. The pure CI suspension and CI/magnetic CI nanoparticles additive suspension were examined by rotational rheometer and Turbiscan. Based on the TEM image, we have confirmed the size and shape of magnetic CI nanoparticles. Especially, from the Turbiscan data, we confirm magnetic CI nanoparticles additive effects on stability of MR fluids, while the CI based MR fluids have a serious problem, because of high density of pure CI. According to the result of MR characteristics in this work, we confirmed that the MR suspensions with or without added magnetic nanoparticles behave very similarly, while MR fluid with added magnetic nanoparticles presented slightly higher yield behaviors and higher shear stresses in a broad range of shear rate. From the MR behaviors as well as sedimentation characteristics investigated in Turbiscan data, it was found that the added magnetic nanoparticle not only improved the serious sedimentation problem of the pure CI based MR fluids but also maintained shear stresses in a broad range of shear rates for application in the MR fluids.
